The endothelial glycocalyx is a thin layer of polysaccharide matrix on the luminal surface of endothelial cells (ECs), which contains sulphated proteoglycans and glycoproteins. It is a mechanotransducer and functions as an amplifier of the shear stress on ECs. It controls the vessel permeability and mediates the blood-endothelium interaction. This study investigates the spatial distribution and temporal development of the glycocalyx on cultured ECs, and evaluates mechanical properties of the glycocalyx using atomic force microscopy (AFM) nano-indentation. The glycocalyx on human umbilical vein endothelial cells (HUVECs) is observed under a confocal microscope. Manipulation of the glycocalyx is achieved using heparanase or neuraminidase. The Young's modulus of the cell membrane is calculated from the force-distance curve during AFM indentation. Results show that the glycocalyx appears predominantly on the edge of cells in the early days in culture, e.g. up to day 5 after seeding. On day 7, the glycocalyx is also seen in the apical area of the cell membrane. The thickness of the glycocalyx is approximately 300 nm-1 mm. AFM indentation reveals the Young's modulus of the cell membrane decreases from day 3 (2.93 + 1.16 kPa) to day 14 (0.35 + 0.15 kPa) and remains unchanged to day 21 (0.33 + 0.19 kPa). Significant difference in the Young's modulus is also seen between the apical (1.54 + 0.58 kPa) and the edge (0.69 + 0.55 kPa) of cells at day 7. By contrast, neuraminidase-treated cells (i.e. without the glycocalyx) have similar values between day 3 (3.18 + 0.88 kPa), day 14 (2.12 + 0.78 kPa) and day 21 (2.15 + 0.48 kPa).
INTRODUCTION
Endothelial cells (ECs) line the entire luminal surface of blood vessels and are in direct contact with the blood. They play vital roles in vascular regulation and blood cell activation and migration during physiological and pathological processes [1, 2] . Dysfunction of ECs is a key factor in the initiation and progression of vascular diseases, such as atherosclerosis [3] . At the luminal surface of the endothelium, the glycocalyx exists and forms a brush-like structure of between several hundreds nanometres and a few micrometres in thickness [4, 5] . It contains negatively charged molecules such as proteoglycans, glycosaminoglycans (GAGs), glycoprotein and plasma proteins [6, 7] . The molecules that make up the glycocalyx are continuously synthesized by and shed from ECs in a dynamic process [8, 9] . The endothelial glycocalyx serves a number of functions in the vascular system: (i) permeability control of fluid and solute filtration and absorption across the vessel wall [10] [11] [12] ; (ii) modification and amplification of the shear stress on ECs by the circulating blood [13, 14] ; (iii) regulation of interactions between blood cells and vascular ECs [15, 16] ; in addition, (iv) the glycocalyx functions as a mechanotransducer for the endothelial cytoskeleton [17 -22] . It has been reported by several laboratories that manipulation of the glycocalyx, both in vivo and in vitro, results in the dysfunction of the endothelial mechanotransduction. For example, Thi et al. [22, 23] reported that following GAGs digestion from HUVECs in vitro using heparinase III, effects of the shear stress on the endothelial cytoskeleton was abolished. By contrast, van den Berg et al. [24] reported that atherogenic diet mice had much thinner glycocalyx layer than the normal diet ones, making them at higher risk of developing atherosclerosis.
Cell mechanical properties are strongly linked to cell functions, such as cell morphology, adhesion, migration and signalling [25 -27] . Since 1980s, atomic force microscopy (AFM) has been used to investigate properties of biological cells [28, 29] . Elastic properties of a number of cell types have been studied using AFM, e.g. Sato et al. [30, 31] estimated the elasticity of HUVECs and reported the Young's modulus changes with time during the early stage of cell culture. Kataoka et al. [32] reported the elastic modulus of cultured HUVECs was 3.0 -6.7 kPa in their AFM study. The Young's modulus of other cell types has also been studied. They include chondrocytes (0.6 kPa) [33] , 3T3 fibroblasts (3 -12 kPa) [34] and human chondrosarcoma cell (2 kPa) [35] to list a few. Mechanical properties of the glycocalyx have not been studied until very recently. Oberleithner et al. [36] reported the stiffness of the glycocalyx on cultured bovine aortic endothelial cells (BAECs) to be 0.25 pN nm 21 . O'Callaghan et al. [37] measured the Young's modulus of the glycocalyx on bovine lung microvascular endothelial cells (BLMVECs) and reported a value of 0.26 + 0.03 kPa. However, to our knowledge, there has been no experimental study on the spatial variation or the temporal development of the glycocalyx layer on cell membrane. Giving its strategic location as the interface between the blood and the endothelium, the glycocalyx mediates flow-induced shear stress on ECs. A sound knowledge of the mechanical properties of the glycocalyx layer is essential for us to understand its many biological functions.
In the current study, we observe the spatial distribution of the endothelial glycocalyx layer using laser-scanning confocal microscopy. Cells after different days in culture are studied to evaluate the temporal development of the glycocalyx layer. Comparisons are made between the controls and enzyme-treated groups. In addition, we have investigated mechanical properties of the glycocalyx layer using AFM nanoindentation. The Young's modulus of the glycocalyx is calculated by analysing testing results on the HUVEC cell membrane with and without the glycocalyx layer. The study gives quantitative insights into the spatial distribution and temporal development of the endothelial glycocalyx layer in vitro, and improves our understanding of the glycocalyx recovery mechanism which is of fundamental importance in vascular pathophysiology.
MATERIAL AND METHODS

Cell culture and cell proliferation
HUVECs ( primary pooled) are purchased from Lonza (Lonza Cologne AG, Germany). They are thawed and cultured in the M199 medium (Gibco) in collagen type I-coated flasks ( 
Ex vivo preparation of mouse thoracic aortas
All animal experiments are performed according to protocols approved by the institutional committee for use and care of laboratory animals. C57BL/6 mice (two to four months old, 20 -30 g body weight) are anaesthetized and thoracic aortas are harvested.
Enzyme treatment with either neuraminidase or heparinase III
Neuraminidase from Clostridium perfringens (Sigma Aldrich) is used in the study. It cleaves N-acetyl neuraminic acid residues of glycoproteins and targets specifically the sialic acid component of the endothelial glycocalyx. Cultured HUVECs or segments of mouse thoracic aorta are treated with neuraminidase according to the protocol by Baker et al. [38] . Serum-free M199 medium is used to wash the sample gently twice before it is incubated with 1 U ml 21 neuraminidase for 10 min at 378C. The control group remains in the HUVECs culture medium.
Heparinase type III (Sigma Aldrich) cleaves heparan sulphate GAGs. HUVECs or aorta segments are gently washed twice using the serum-free M199 medium and incubated with 0.5 U ml 21 heparinase III for 30 min at 378C. The control group is kept in the HUVEC culture medium.
Immunocytochemistry and immunofluorescence imaging
Wheat germ agglutinin (WGA-FITC) is used to bind to N-acetly-D-glucosamine and sialic acid component of the glycocalyx [38, 39] . Heparan sulphates are stained by heparan sulphate antibody FITC (HepSS-1, US biological) [22] . The endothelial cytoplasm is stained by Cell Tracker Red CMTPX (Invitrogen). EC tight junctions are stained using CD144 (Santa Cruz) and cell nucleus are stained using DAPI or Hoechst 33342 (Sigma Aldrich). The aortas are cut open along the axis of the vessel and unfolded onto a Petri dish with the luminal surfaces on the top. The aorta segments are fixed by 4 per cent paraformaldehyde for 10 min at room temperature, followed by 20 per cent rabbit serum blocking for 30 min at 378C. After that, HepSS-1 (figure 1) or WGA-FITC (figure 2) and CD144 (in both figures 1 and 2) are applied on the segment for 1 h at 378C. DAPI is then applied for 10 min at 378C. Segments are washed three times by serum-free M199 after staining and kept in 10 per cent serum culture medium, ready for confocal microscopy (Leica Microsystems, Wetzlar, Germany).
Spatio-temporal change of the glycocalyx K. Bai and W. Wang 2291 Cultured HUVECs are briefly washed using the serum-free M199. WGA-FITC and Cell Tracker Red are applied to live cells for 15 min at 378C before Hoechst 33342 is applied for 5 min. Live cells are washed and immersed in culture medium (with 10% serum) immediately after staining. They are kept in the serumcontaining culture medium during confocal observation.
Intensities of the green (heparan sulphate) and red (CD144) dyes are analysed using the software Image J (National Institutes of Health, USA).
Atomic force microscopy measurements
HUVECs are cultured in collagen-coated cover slips (d ¼ 13 mm). The cover slip is placed on a microscopic liquid sample stage. Measurements are carried out using an AFM in our laboratory (NT-MDT Ntegra System). The cantilever (Olympus, OMCL-RC800PSA-1) has a pyramidal-shaped tip, and the end of the tip is hemispherical shaped with a radius of 20 nm (shown in figure 4b ). The surface of the cell membrane is divided into three regions as shown in figure 4d: apical (i.e. above the cell nucleus), middle and edge, with the middle and the edge regions of approximately equal sizes. The height and phase images of HUVECs are taken under tapping mode [40] . Indentation tests are carried out under contact mode on samples within 1 h after they are removed from the incubator. During AFM probing, samples are kept in the culture medium.
Analysis of force -distance curves
The Hertz model for indentation of a homogeneous soft sample by a stiff cone was used to analyse the forcedistance curve [31, 41] 
where F is the applied loading force, d is the indentation distance, n is the Poisson ratio of the tissue sample and is assumed to be 0.5 as cells are considered to be incompressible, a is the half opening angle of the tip of the AFM cantilever and E is the Young's modulus.
RESULTS
Ex vivo observation of the endothelial glycocalyx in fixed samples
Mouse thoracic aortas are cut open along the axis of the vessel and pinned onto a Petri dish with the endothelium facing upwards, as shown in figure 1a,b. The greenstrained heparan sulphate-containing layer, seeing in (a), becomes much less expressed after HepIII treatment, as shown in (b). When we compare the intensity of the green dye in heparinase III-treated groups to that in control groups, as shown in figure 1c, we observe a statistically very significant decrease ( p , 0.01) following the enzyme perfusion of the aortic endothelium. The ex vivo results show that the staining and enzyme treatment protocols for the glycocalyx as well as the confocal image system work properly in our study.
Three-dimensional-reconstructed images of the glycocalyx in unfixed ex vivo samples
In order to estimate the depth of the glycocalyx layer in blood vessels ex vivo, we have used freshly harvest and unfixed mouse thoracic aorta in figure 2 . Different to experiments in figure 1 , WGA-FITC is used to bind to the heparan sulphate and hyaluronic acid of the unfixed tissue samples. Three-dimensional confocal images are taken at a series of depths (at Dz ¼ 200 nm interval along the z-axis). The main enface panel shows the fluorescent image in the x-y cross section at a given z-location (rather than stack images). The two smaller panels reveal the structure of the glycocalyx layer along the x -z (bottom panel) and y-z cross sections (side panel) as indicated by dashed lines in the enface image. The intact glycocalyx layer, seen in figure 2a , has a similar expression to that in figure 1a .
The green-stained layer is approximately 1 -2 mm in depth and is confined to the surface of the endothelium, as indicated by the red-stained endothelial-specific tight junctions. For neuraminidase-treated samples, shown in figure 2b , there is little green-stained layer in the enface image. Here, nuclei of ECs and smooth muscle cells are stained blue. The bottom and side panels in figure 2b reveal largely green free cross sections in the x-z and y-z planes. These ex vivo results agree with previous findings where the thickness of endothelial glycocalyx layer was estimated to be between several hundred nanometres to several micrometres [24, 42, 43] . figure 3a) . Three-dimensional confocal images are taken from the top of the cell to the glass slide. Heparan sulphate and HA components of the glycocalyx layer are observed on the endothelial membrane. Initially during cell culture, e.g. the end of day 1, the green dye appears only at the edge of cells. Similar patterns are seen in day 3 and day 5, although there is more distribution of the green dye along the edge of cells. As time progresses, by the end of day 7, the green dye appears not only near the edge of cells, but also towards the apical area, although it is still quite patchy on the membrane above the endothelial nucleus. By the end of day 14, the green dye can be seen over the entire cell membrane. From the z-section images (shown as the bottom and side panels), the thickness of the glycocalyx layer on HUVECs in vitro is between 300 nm and 1 mm. This layer is thinner compared with the one on the ex vivo sample, but after 14 days in culture, it covers the entire surface of the cell membrane, forming a continuous layer like that in figure 2a . By contrast, neuraminidase-treated HUVECs, shown in figure 3b, Spatio-temporal change of the glycocalyx K. Bai and W. Wang 2293 at day 7, 14 and 21 do not present a layer of the green dye after they are stained by WGA, indicating that the enzyme has cleaved away most of the glycocalyx from the cell membrane.
The mechanical properties of the glycocalyx using atomic force microscopy indentation
In order to study the mechanical properties of the glycocalyx layer, AFM has been applied to investigate the force -displacement relationship during nanoindentation tests on HUVEC membrane. By comparing the Young's modulus of ECs at different days of cell culture, before and after enzyme treatment, we hope to gain further evidence on the spatial distribution of the glycocalyx on cell membranes and its temporal development in vitro. Figure 4a is a schematic of the AFM cantilever scanning through the HUVEC monolayer. The cantilever tip reflects a laser beam, and the oscillation of the tip is recorded by a position-sensitive detector. In our study, a rectangular cantilever with a pyramid-shaped tip is used for both topographic imaging and indentation of cells. The cantilever, shown in figure 4b, is 100 mm in length and 20 mm in width, with a known spring constant (0.38 N m
21
). The tip is pyramid-shaped with a base length of 5.2 mm and a height of 2.9 mm. The half opening angle is approximately 418. The end of the tip has a semi-spherical shape with a radius of approximately 20 nm. Both the height and phase images are taken simultaneously in the study to gain information of the cell surface. In figure 4c , the brightness of the image indicates the height of the cell surface, whereas in figure 4d, the phase image provides contrast of the change in height and gives a better indication of location of the edge of cells. In later studies, we divide the cell surface into three regions: the 'apical' region is the area above the endothelium nucleus, and the rest area is divided equally into the 'middle' and the 'edge' regions. This enables spatial distinction of the cell membrane surface.
Nano-indentation tests are performed on different locations of the cell surface using the contact mode. The Young's modulus of the cell membrane is calculated from the force -distance curve over the initial 200 nm of indentation. During an indentation, the cantilever also bends. In order to measure the true indentation distance of the AFM tip against the cell membrane, the movement of the tip owing to bending of the cantilever needs to be subtracted from the total distance. This is achieved by a calibration test of the cantilever indenting against the glass slide, where the bending distance of the cantilever under known values of the indentation force is measured. In figure 5 , Young's moduli of the cell membrane at three different locations on the cell membrane are presented. HUVECs at the end of day 3, 7, 14 and 21 in culture are used. Comparisons are made between cells with and without the glycocalyx layer, i.e. between control groups and corresponding groups following neuraminidase treatment.
When we compare control groups in days 3, 7, 14 and 21 only, it is seen that the Young's modulus of the cell membrane decreases with time, from approximately 2.93 kPa (+1.16 kPa, n ¼ 27) at day 3 to 1.20 kPa (+0.51 kPa, n ¼ 26) at day 7, further decreases to 0.35 kPa (+0.15 kPa, n ¼ 28) at day 14, then remains unchanged at 0.33 kPa (+0.19 kPa, n ¼ 27) to day 21. This reflects the development of the glycocalyx layer, which is a more flexible structure, on the cell membrane and results in progressively reduced values in the Young's modulus as the layer develops with time. After day 14, the glycocalyx layer is well developed and the value remains unchanged. In comparison, when we look at neuraminidase-treated groups, the Young's modulus is greater in all cases in comparison with their respective control groups. These increases are statistically significant ( p , 0.05, denoted by *) except for day 3, and are statistically very significant ( p , 0.01, denoted by **) for day 14 and day 21. A close look at the control group at day 7 reveals that the difference in Young's modulus between the apical (1.54 + 0.58 kPa, n ¼ 9) and the edge (0.69 + 0.55 kPa, n ¼ 8) of the cell is significantly different ( p ¼ 0.012). This is consistent with earlier results from the confocal microscopy, where the glycocalyx layer at day 7 is mainly around the edge of cells and less well developed in the apical region above the cell nucleus. If we compare neuraminidase-treated groups at day 14 and day 21 to their control groups, the stiffness of HUVEC cell membrane increases by more than sixfolds, i.e. from Spatio-temporal change of the glycocalyx K. Bai and W. Wang 2295 approximately 0.34-2.13 kPa, when the glycocalyx layer is cleaved away.
DISCUSSION
Previous studies have reported a wide range of values on the thickness of the glycocalyx layer. This is partly due to different species and different types of blood vessels used in experiments, and partly due to different preparation techniques employed. Most notably, the dehydration and fixation process for conventional electron microscopy would likely collapse all but the protein cores of proteoglycans and water crystals might form [44] . For example, Vink's group reported a 0.2 -0.5 mm hairy structure of the glycocalyx layer in ventricular myocardial capillaries of the rat heart using electron microscopy [42] . On the other hand, Megens et al. [39] , based on their three-dimensional reconstruction images using two-photon laser-scanning microscopy, reported that in mice mesenteric arteries, the glycocalyx layer was approximately 4.5 mm and covered two-thirds of the entire endothelial surface area. The debate on differences between the endothelial glycocalyx in vivo and in vitro has involved not only on the thickness of the glycocalyx, but also on the functionality of the in vitro glycocalyx layer. Chappell et al. [43] reported that HUVECs possessed the glycocalyx structure only in their ex vivo samples and not on cultured cells. In a more recent paper by Ebong et al. [45] , the glycocalyx layer on cultured bovine aortic ECs and rat fat pad ECs have been observed using rapid freezing/freeze substitution transmission electron microscopy. Based on this unconventional approach, the endothelial glycocalyx layer was estimated to be approximately 5 -10 mm, i.e. approximately 100-fold thicker than what was observed on conventionally preserved ECs. Their observation of stained heparan sulphates using confocal microscopy showed similar thickness (i.e. approximately 1.4 mm) of the glycocalyx layer as reported in the current study.
In ex vivo confocal images, CD144 staining shows a notable difference between the control group and enzyme treatment group. This may be caused by the glycocalyx layer in the control group restricting the access of CD144 dye to cell tight junctions. In enzyme-treated groups, where the glycocalyx layer has been largely diminished, tight junctions are exposed and directly accessible by CD144. Images there reveal a typical continuous and cobblestone pattern for the EC junctions.
Our in vitro results using confocal microscopy show the development of the endothelial glycocalyx over time. The growth appears to initiate from the edge of cells and takes up to two weeks to cover the apical region of the cell membrane (i.e. region above the nucleus). The mechanism underlining this spatial distribution and temporal change needs further investigation, but it seems functionally beneficial as the glycocalyx layer covers the intercellular gaps for the endothelium to fulfil its role as a selective semi-permeable membrane for the circulating blood. Our three-dimensional reconstructed images, although limited by the confocal resolution in the z-direction, indicate that the thickness of the glycocalyx layer is approximately 1 mm. This finding agrees reasonably well with previous studies. Another novelty of the study is on our AFM probing of the mechanical property of the endothelial glycocalyx layer. Indentation of the cell membrane of the initial 200 nm (after bending of the cantilever is deducted) enables us to estimate the Young's modulus of the glycocalyx layer by comparing the change in the cell membrane Young's modulus with and without the glycocalyx. We can simplify the flexible glycocalyx layer on a deformable cell membrane to a two springs in series system. In such a system, the overall spring constant of the system k, can be expressed as
where k 1 and k 2 are spring constants of the two individual ones, respectively. Our results suggest that the cell membrane Young's modulus without the glycocalyx layer is approximately 2.13 kPa (average of day 14 and 21), and with the glycocalyx layer, the overall Young's modulus is approximately 0.34 kPa (average of day 14 and 21 control groups). This leads to the Young's modulus of the glycocalyx layer alone to be approximately 0.39 kPa. AFM indentation of HUVECs at day 7 (the control group) shows a statistically significant difference in the Young's modulus between the edge and apical regions of the cell surface. This difference indicates an uneven spatial development of the glycocalyx on the cell membrane. As time progresses, e.g. at day 14 and day 21, the difference in the Young's modulus at different locations on the cell surface becomes very small. This is consistent to our confocal microscopy results, where the development of the glycocalyx layer is initially around the edge of the cell, then spreads out to cover the apical area above the nucleus.
One of the limitations of the study is the spatial resolution (approx. 200 nm) of the confocal images. This is largely owing to the diffraction limit of the optical system used. We are currently working on a super fine-resolution confocal system, which has the potential to observe the glycocalyx layer in finer detail, but the dense structure of the glycocalyx as well as the dynamic composition of glycans in this layer may present additional challenges for the super fine-resolution optical system to work. Another limitation of the study is the staining of hyaluronan and heparan sulphate components of the glycocalyx layer. They are part of the glycocalyx constituents but may not represent the full depth of the glycocalyx layer. Despite these limitations, the current study demonstrates the spatial distribution and temporal development of the glycocalyx layer on cell surfaces in vitro. It provides the first direct measurement of the mechanical property of the glycocalyx layer using an AFM nano-indentation.
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